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Abstract
 .  .  .The conversion of cytochrome Cyt b-559 from the low-potential LP to the high-potential HP form under conditions
 .  .for photoactivation of O evolution reconstitution of the Mn cluster was investigated using Photosystem II PS II2
membranes that had been depleted of the Mn cluster by treatment with Tris. Illumination of the PS II membranes with
continuous or flashing light in the presence of 0.1 mM Mn2q reactivated O evolution and increased the level of the HP2
form of Cyt b-559 with a concomitant decrease in the level of the LP form. When illumination was achieved with flashing
light, the restoration of the HP form occurred after two flashes, while reactivation of O evolution required more than six2
flashes. It was also found that the HP form could be restored when the PS II membranes were illuminated in the presence of
2q  .  .artificial electron donors instead of Mn . NH OH 10–100 mM , 1,5-diphenylcarbazide 50–100 mM and semicarbazide2
 .0.5–1 mM were effective in restoring the HP form. These observations suggest that, under photoactivation conditions, not
the reconstitution of the Mn cluster but electron donation by Mn2q to PS II is responsible for the restoration of the HP form.
2q  .The restoration of the HP form by illumination in the presence of Mn was not affected by 3- 3,4-dichlorophenyl -1,1-
 .dimethylurea DCMU but it was completely suppressed by artificial electron acceptors which bind to the Q site andB
y  .reoxidize Q , namely, 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone DBMIB and 2,6-dichloro-1,4-benzoquinone.A
 . yThese results suggest that some redox reaction s at the acceptor side of PS II, which probably involves Q , occurs duringA
the course of the restoration of the HP form.
Keywords: Cytochrome b-559; Oxygen evolution; Photoactivation; Photosystem II
Abbreviations: Chl, chlorophyll; Cyt, cytochrome; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone; DCBQ, 2,6-di-
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 .carbazide; HP, high-potential; LP, low-potential; Mes, 2- N-morpholino ethanesulfonic acid; Q and Q , primary and secondary quinoneA B
acceptors, respectively, of Photosystem II; VLP, very-low-potential; Y , redox-active tyrosine-161 of the D1 protein.Z
) Corresponding author. Fax: q81 298 53 6614.
0005-2728r97r$17.00 Copyright q 1997 Elsevier Science B.V. All rights reserved.
 .PII S0005-2728 96 00130-2
( )N. Mizusawa et al.rBiochimica et Biophysica Acta 1318 1997 145–158146
1. Introduction
 .Photosystem II PS II , a membrane protein com-
plex that is embedded in the thylakoid membrane,
carries out the photochemical reaction and the subse-
quent electron-transport reactions from water to
w xplastoquinone molecules 1 . The redox components
involved in these reactions are all bound to the
reaction center complex, which consists of a het-
erodimer of two homologous proteins, the D1 and D2
w xproteins 1 . The reaction center complex of PS II is
considered to have a structure homologous to that of
w xpurple photosynthetic bacteria 2,3 , but it differs
from the bacterial complex in some respects. One
major difference is that the PS II reaction center
complex generates a high oxidizing potential of about
q1.1 V and oxidizes water to evolve oxygen
w xmolecules 1 . The O -evolving reaction is catalyzed2
by the Mn cluster, which is bound to the complex at
w xthe lumenal surface of the thylakoid membrane 4 .
Another difference is that a b-type cytochrome, Cyt
b-559, is tightly bound to the PS II reaction center
w xcomplex 5 .
Cyt b-559 consists of two protein subunits, a and
b , and it is considered that the heme iron forms
cross-links with single histidine residues in each sub-
w xunit 6 . From the orientation in the thylakoid mem-
brane of each subunit, it has been suggested that the
heme is located close to the stromal surface of the
w xmembrane 7,8 . It is unclear whether the PS II
reaction center complex binds one or two molecules
of Cyt b-559. In isolated thylakoids, it has been
reported that two hemes of Cyt b-559 are present per
w xPS II 9,10 . In the case of isolated PS II membranes,
by contrast, conflicting results have been reported,
w x w xnamely, one heme 11–13 or two hemes 14,15 per
PS II. The physiological role of Cyt b-559 also
remains to be unequivocally resolved, and many pos-
sible roles for this cytochrome have been proposed
 w x.for reviews, see Refs. 16,17 . It has been suggested
 .1 that Cyt b-559 participates in the light-dependent
w x  .reconstitution of the Mn cluster 16 ; 2 that it
protects PS II from photoinhibition by mediating a
w xcyclic electron-transport reaction around PS II 18 or
by oxidizing the reduced form of the primary electron
acceptor, pheophytin, to suppress the overreduction
w x  .of Q 19 ; and 3 that it acts as an anchor duringA
the assembly of the PS II reaction center complex
w x17 .
One unique characteristic of Cyt b-559 is that its
redox potential is variable, and it exists in three forms
with different redox potentials, namely, the high-
 .  .potential HP , low-potential LP and very-low-
 .potential VLP forms. The redox potentials of the
HP, LP and VLP forms are about q370 mV, q60
w xmV and F 0 mV, respectively 20 . An
 X .intermediate-potential form E sq230 mV haso
w xalso been reported 10 . In general, about half or
more of Cyt b-559 exists in the HP form in materials
in which PS II contains the Mn cluster and is active
in O evolution: about half of Cyt b-559 is in the HP2
w x w xform in vivo 21 , in intact chloroplasts 22 and in
w xisolated thylakoids 10,23 , while, in isolated PS II
membranes, the proportion of the HP form ranges
from 50 to 90% of the total depending on the prepa-
w xration 10,24,25 .
The different potential forms of Cyt b-559 are
partly interconvertible. The HP form can be con-
verted to lower-potential forms in vitro when the O2
evolution is inactivated by treatment with concen-
trated Tris, CaCl or NaCl, which removes the Mn2
cluster andror the extrinsic proteins that participate
w xin the O evolution 10,26,27 . This phenomenon is2
also observed in vivo: almost all Cyt b-559 exists in
the LP andror VLP form in materials in which PS II
lacks in the Mn cluster and is inactive in O evolu-2
w xtion, as in the LF1 mutant cells of Scenedesmus 28 ,
in wheat seedlings grown under intermittent illumina-
w x w xtion 29 , and in dark-grown pine cotyledons 21 .
Conversely, the HP form of Cyt b-559 can be re-
stored when O evolution is reactivated by reconstitu-2
w xtion of the Mn cluster in PS II in vivo 21 and also in
w xvitro 23,30 .
From the correlation between the presence of the
HP form and the capacity for evolving oxygen, it
would appear that the binding of the extrinsic pro-
teins andror the Mn cluster to PS II might be
necessary for retention of the HP form of Cyt b-559.
However, recent studies have demonstrated that Cyt
b-559 can remain in the HP form under some certain
conditions, even after the extrinsic proteins andror
the Mn cluster have been removed from PS II
w x25,31,32 . Thus, unidentified factors appear to regu-
late the redox potential of Cyt b-559.
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In this study, we investigated in detail the restora-
tion of the HP form of Cyt b-559 during illumination
in the presence of exogenous Mn2q, the conditions
that lead to the reconstitution of the Mn cluster
 .photoactivation of O evolution , in PS II mem-2
branes that had been depleted of the three extrinsic
proteins and the Mn cluster by treatment with Tris.
We found that it was not the reconstitution of the Mn
cluster but the electron donation by Mn2q to PS II
that was responsible for the restoration of the HP
form. We found, furthermore, that electron donors
other than Mn2q were also effective in restoring the
HP form during illumination. A possible mechanism
for the change in the redox potential of Cyt b-559 is
discussed.
2. Materials and methods
2.1. Preparation of thylakoids, PS II membranes and
extrinsic proteins
Thylakoids were prepared from spinach leaves,
treated with Tris and, subsequently, with reduced
DCPIP, before they were subjected to the photoacti-
w xvation treatment 23 . PS II membranes were pre-
pared from spinach leaves as described by Kuwabara
w xand Hashimoto 33 with the exception that a ratio of
 .Triton X-100 to Chl of 15 wrw was used. The PS
 .II membranes were suspended in 30% vrv ethylene
glycolr20 mM NaClr0.4 M sucroser50 mM Mes-
 .NaOH pH 6.5 and stored at y808C. Before use, the
PS II membranes were thawed on ice and washed
three times with 20 mM NaClr0.4 M sucroser50
 .mM Mes-NaOH pH 6.5; low-salt medium by cen-
trifugation and resuspension. To remove the Mn clus-
ter and the three extrinsic proteins from PS II, the PS
II membranes were suspended in 0.8 M Tris-HCl pH
.9.1 r5 mM EDTAr2 mM sodium ascorbate at 0.5
mg Chlrml and incubated in darkness for 2 h. The
Tris-treated PS II membranes were collected by cen-
trifugation at 35 000=g for 20 min and washed
twice with the low-salt medium by resuspension 0.3
.mg Chlrml and centrifugation. They were finally
suspended in the same medium supplemented with
 .30% vrv ethylene glycol and stored at y808C.
Before use, the Tris-treated PS II membranes were
thawed and washed three times with the low-salt
medium by centrifugation and resuspension. Han-
dling of the Tris-treated PS II membranes was per-
formed under dim light.
The extrinsic proteins of 33, 23 and 18 kDa were
prepared from the Tris extract of PS II membranes.
The supernatant after centrifugation that followed the
treatment with Tris, prepared as described above, was
 .dialyzed against 10 mM Mes-NaOH pH 6.5 for 8 h
and concentrated with a Centriprep 10 system
 .Amicon, USA . No contamination by other proteins
was detected by SDS-polyacrylamide gel elec-
trophoresis. All procedures were performed at 0–48C.
Chl concentration was determined as described by
w xArnon 34 .
2.2. Photoacti˝ation of O e˝olution2
Photoactivation of Tris-treated thylakoids was per-
w xformed as described previously 23 . Photoactivation
of Tris-treated PS II membranes was performed at
w x258C by the method of Miyao and Inoue 35 with
some modifications, as follows. Tris-treated PS II
membranes, which had been kept in darkness at 08C
for more than 4 h, were suspended in 1 M NaClr0.4
M sucroser50 mM Mes-NaOH pH 6.5; high-salt
.medium . Final Chl concentrations were 125 and 250
mgrml for photoactivation with continuous and
flashing light, respectively. The suspension 6 and 1
ml for photoactivation with continuous and flashing
.light, respectively was placed in a flat glass dish of
30 mm in diameter. Final thicknesses of the suspen-
sion were 8.6 and 1.4 mm for photoactivation with
continuous and flashing light, respectively. After in-
cubation in darkness at 258C for 5 min, the suspen-
 .sion was supplemented with 0.1 mM Mn CH COO ,3 2
50 mM CaCl and, when indicated, 2 mM DCPIP,2
and further incubated in darkness at 258C for 5 min.
Then, the suspension was illuminated from above
with continuous light from a white fluorescent lamp
at 33 mEPmy2 Psy1 or it was illuminated with flash-
ing light from a 10-ms xenon flash lamp PS-240;
.Sugawara, Japan , with gentle stirring. Saturation of
the light intensity of the flash was confirmed by use
 .of a neutral-density filter 75% . After illumination,
50 ml of the photoactivation mixture was diluted
20-fold with the low-salt medium that contained the
33-, 23- and 18-kDa proteins at levels sufficient to
maximize the O -evolving activity. The O -evolving2 2
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activity was measured at 208C with 0.5 mM phenyl-
1,4-benzoquinone as an artificial electron acceptor
using a Clark-type oxygen electrode. Another portion
of the photoactivation mixture was subjected to the
analysis of Cyt b-559.
2.3. Analysis of Cyt b-559
Levels of Cyt b-559 in the different potential
forms were determined from reduced-minus-oxidized
difference spectra recorded with a spectrophotometer
 .UV-2200; Shimadzu, Japan , essentially as described
w xpreviously 23 . When Tris-treated PS II membranes
had been photoactivated with continuous light, the
photoactivation mixture was directly subjected to
analysis. When photoactivation was achieved with
flashing light, the photoactivation mixture was di-
luted 5-fold with the high-salt medium that contained
 .0.1 mM Mn CH COO and 50 mM CaCl prior to3 2 2
the analysis. These concentrations of Mn2q and Ca2q
and 2 mM DCPIP did not interfere with the analysis
of Cyt b-559. For the reduction of Cyt b-559, the
sample was supplemented sequentially with 2 mM
 X .hydroquinone E sq290 mV , 5 mM sodiumo
 X .ascorbate E sq60 mV and a few mg of sodiumo
dithionite. After each addition, the absorbance spec-
trum was recorded at the scanning rate of 100
nmrmin with the slit width of 2 nm. The amounts of
Cyt b-559 reduced by addition of hydroquinone HP
.  .form , sodium ascorbate LP form and sodium
 .dithionite VLP form were estimated from the differ-
ence spectra, with the absorbance spectrum recorded
in the presence of 0.5 mM potassium ferricyanide
taken as the reference spectrum. The half width of the
band of reduced Cyt b-559 in the difference spectrum
was 12"0.5 nm and it was unchanged upon treat-
ment with Tris and subsequent photoactivation treat-
wment. A difference extinction coefficient e559 – 570
D x y1 y1 w xof 15 mM Pcm 20 was used. The deviationnm.
of results was less than 5%.
3. Results
3.1. Changes in le˝els of the different potential forms
of Cyt b-559 upon treatment with Tris and subse-
quent photoacti˝ation treatment
The PS II membranes used in this study contained
about two molecules of Cyt b-559 per 220 Chl
molecules, a PS II unit. The levels of the different
forms of Cyt b-559 in these PS II membranes were
 .1.0–1.2, 0.2–0.1 and 0.8–0.6r220 Chl molrmol
for the HP, LP and VLP forms, respectively. Treat-
ment with Tris of the PS II membranes decreased the
level of the HP form only by 0.3–0.4r220 Chl with a
concomitant increase in the level of the LP form. The
level of the VLP form remained unchanged. We
Table 1
Changes in the amount of the HP form of Cyt b-559 and in the O -evolving activity of Tris-treated PS II membranes upon2
photoactivation treatment
 .Additives Cyt b-559 HPr220 Chl molrmol O evolution after illumination2
y1 y1  . .mmolP mg Chl PhBefore illu. After illu. D
2q 2qyCa qCa
None 0.60 0.38 y0.22 8 –
2qMn 0.50 0.63 q0.13 8 47
2qCa 0.50 0.46 y0.04 8 –
2q 2qMn , Ca 0.50 0.70 q0.20 92 –
2q 2qMn , Ca , DCPIP 0.54 0.73 q0.19 172 –
 .Tris-treated PS II membranes were suspended in 1 M NaClr0.4 M sucroser50 mM Mes-NaOH pH 6.5; high-salt medium and
 .incubated in darkness for 5 min. The suspension was supplemented with the indicated additive s , incubated in darkness for 5 min, and
then illuminated with continuous light for 10 min. Final concentrations of additives were 0.1 mM, 50 mM and 2 mM for Mn2q, Ca2q and
 .  .DCPIP, respectively. The amount of the HP form of Cyt b-559 was determined from the hydroquinone - ferricyanide difference
 .absorbance spectrum. The total amount of Cyt b-559 was 1.94r220 Chl molrmol . The O -evolving activity was measured in the2
presence of the three extrinsic proteins. When Ca2q had been absent during illumination, 10 mM CaCl was added to the assay mixture.2
 .y1 y1The O -evolving activity of PS II membranes before Tris treatment was 405 mmolP mg Chl Ph .2
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confirmed by atomic absorption spectroscopy and
SDS-polyacrylamide gel electrophoresis that the
treatment with Tris had completely removed Mn and
the three extrinsic proteins from the PS II membranes
 .data not shown . These observations are consistent
w xwith results of previous studies 25,31,32 that the
removal of the Mn cluster and the extrinsic proteins
does not necessarily cause the change in redox poten-
tial of Cyt b-559.
We investigated experimental conditions that
would further lower the level of the HP form of Cyt
b-559 in the Tris-treated PS II membranes. We found
that incubation of the membranes with 1 M NaCl in
darkness lowered the level by 0.1–0.4r220 Chl to
give a final level of 0.3–0.6r220 Chl. Besides NaCl,
NaF, NaBr and sodium formate at 1 M were each
effective in lowering the level of the HP form, while
1 M Na SO was ineffective. Thus, some factor other2 4
than the ionic strength appeared to affect the level of
the HP form. The use of 1 M NaCl had another
advantage in the present study since 1 M NaCl has
been shown effectively to enhance the photoactiva-
w xtion of O evolution in PS II membranes 35 . There-2
fore, to investigate the effects of the photoactivation
on the redox potential of Cyt b-559, we performed
photoactivation treatment in the presence of 1 M
NaCl.
Table 1 shows the changes in the amount of the
HP form of Cyt b-559 in Tris-treated PS II mem-
branes by photoactivation treatment with continuous
light. When the membranes were illuminated in the
absence of Mn2q and Ca2q, the level of the HP form
decreased by about 0.2r220 Chl. This decrease prob-
ably resulted from photoinhibition of PS II that had
w xbeen depleted of the Mn cluster 31,36 . When the
membranes were illuminated in the presence of Mn2q,
the level of the HP form increased by 0.13r220 Chl.
The additional presence of Ca2q during illumination
enhanced the increase in the level of the HP form and
about 0.2r220 Chl of the HP form was restored.
DCPIP did not further affect the increase in the level
of the HP form. On the other hand, illumination in
the presence of Ca2q alone did not increase the level
of the HP form, even though Ca2q suppressed the
decrease in the level of the HP form during illumina-
tion. When the level of the HP form increased, the
level of the LP form decreased concomitantly, while
the level of the VLP form remained unchanged data
Fig. 1. Effects of Ca2q on the stability of the HP form of Cyt
b-559 and of the O -evolving activity which had been restored by2
photoactivation treatment. Tris-treated PS II membranes, sus-
pended in the high-salt medium, were illuminated with continu-
ous light in the presence of 0.1 mM Mn2q for 10 min. After
illumination, the suspension was incubated in darkness with no
 .  .addition ‘ , with 50 mM CaCl v or with 50 mM MgCl2 2
 .  .’ for the designated times. A The amounts of HP form of
Cyt b-559. The total amount of Cyt b-559 was 1.96r220 Chl.
 .B O -evolving activity measured in the presence of 10 mM2
Ca2q. The O -evolving activity of PS II membranes before2
 .y1 y1treatment with Tris was 480 mmolP mg Chl Ph . Broken
lines represent the levels before illumination.
.not shown . These results suggest that the LP form of
Cyt b-559 is converted to the HP form by illumina-
tion in the presence of Mn2q. The O -evolving activ-2
ity also increased when the membranes were illumi-
2q  .nated in the presence of Mn Table 1 . The recov-
ery of activity, however, was unrelated with the
extent of the restoration of the HP form.
The photoactivation treatment and the subsequent
analysis of Cyt b-559 in this study were performed in
the absence of the three extrinsic proteins. Thus, it is
suggested that the restoration of the HP form of Cyt
b-559 does not require these extrinsic proteins. The
extent of the restoration of the HP form varied among
preparations, ranging from 0.15 to 0.35r220 Chl
when the membranes were illuminated in the pres-
ence of Mn2q and Ca2q.
Fig. 1 shows the effects of Ca2q on the HP form
of Cyt b-559 that had been restored by the photoacti-
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vation treatment. In this experiment, the Tris-treated
PS II membranes were illuminated in the presence of
Mn2q alone and then they were incubated in dark-
ness in the presence or in the absence of Ca2q. It is
obvious that the level of the HP form that had been
restored by illumination remained unchanged in the
presence of Ca2q, while in the absence of Ca2q the
level decreased within 10 min to the level before
 . 2qillumination Fig. 1A . Mg did not have such
stabilizing effects. By contrast, the O -evolving activ-2
ity that had been restored by illumination remained
unchanged during incubation in darkness both in the
2q  .presence and in the absence of Ca Fig. 1B . These
observations suggest that Ca2q stabilizes the HP form
of Cyt b-559 that had been restored by photoactiva-
tion treatment and that this stabilizing effect does not
result from the stabilization by Ca2q of the reconsti-
tuted Mn cluster. Ca2q also appeared to stabilize the
HP form of Cyt b-559 that had originally been
present in the Tris-treated PS II membranes since the
presence of Ca2q suppressed the decrease in the level
of the HP form during illumination in the absence of
2q  . 2qMn Table 1 . Thus, the stabilizing effects of Ca
appear to be independent of the presence of the Mn
cluster.
Fig. 2 shows the restoration of the HP form of Cyt
b-559 by photoactivation treatment with flashing light.
Illumination with flashes in the presence of Mn2q
and Ca2q restored both the HP form and the O -2
evolving activity, but the two phenomena exhibited
quite different dependence on the flash number. The
level of the HP form was unchanged by illumination
with a single flash but it greatly increased after two
flashes and reached a maximum with three flashes
 .Fig. 2A,B . By contrast, the recovery of O -evolving2
activity was detected only after illumination with six
flashes and reached a maximum after 100 flashes
 .Fig. 2B . These observations indicate that the
restoration of the HP form of Cyt b-559 is completed
before the Mn cluster is reconstituted. It is also
suggested that the HP form might be restored by two
photoreactions in PS II.
Fig. 2B also shows the changes in the level of Cyt
b-559 that remained in the reduced form after illumi-
nation. In general, the HP form can remain in the
reduced form under aerobic conditions, while the
lower-potential forms are, if reduced, readily reoxi-
dized by ambient oxygen molecules. Therefore, in the
Fig. 2. Restoration of the HP form of Cyt b-559 and reactivation
of O evolution by photoactivation treatment with flashing light.2
Tris-treated PS II membranes, suspended in the high-salt medium,
were illuminated with the designated numbers of flashes at
intervals of 1 s in the presence of 0.1 mM Mn2q and 50 mM
2q  .  .  .Ca . A Changes in the hydroquinone - ferricyanide differ-
 .  .ence spectrum of Cyt b-559. a Before illumination; b, c, d
after illumination with one, two and three flashes, respectively.
 .  .B Changes in the amount of the HP form of Cyt b-559 ‘ , in
the amount of Cyt b-559 that remained in the reduced form after
 .  .illumination v , and in the O -evolving activity ^ . The total2
amount of the Cyt b-559 was 1.8r220 Chl. The O -evolving2
activity of PS II membranes before Tris treatment was 450
 .y1 y1mmolP mg Chl Ph .
experiment of Fig. 2B in which the absorption spec-
trum of the photoactivation mixture was recorded
about two minutes after illumination, only the re-
duced HP form could be detected. The results indi-
cate that the level of the reduced HP form was
unchanged with one and two flashes but it gradually
increased after three flashes. After illumination with
50 flashes, all the HP form was in the reduced form.
Two interpretations can be considered for the gradual
increase in the level of the reduced HP form: the
( )N. Mizusawa et al.rBiochimica et Biophysica Acta 1318 1997 145–158 151
quantum efficiency of the reduction of the HP form
was low and 50 flashes were required to reduce all
the HP form, or the HP form was, once reduced,
reoxidized by some reason and had to be reduced
repeatedly for the accumulation of the reduced form.
To examine these possibilities, the change in the
level of the reduced Cyt b-559 during illumination
with flashes was followed by direct measurement of
the absorbance change at 559 nm of the photoactiva-
 .tion mixture Fig. 3 . The absorbance change at 570
nm was also measured to follow the change in the
base line of the absorption band of Cyt b-559. As
seen in Fig. 3, the level of Cyt b-559 in the reduced
form gradually increased during illumination with
increasing number of flashes. After illumination with
10 flashes, however, the level of the reduced Cyt
b-559 gradually decreased in darkness for about 30 s.
On the other hand, after illumination with 40 flashes,
the level of the reduced Cyt b-559 did not decrease
but remained almost constant in darkness. In this
Fig. 3. Changes in the level of Cyt b-559 in the reduced form
during and after photoactivation treatment with flashing light.
Tris-treated PS II membranes were suspended in the high-salt
medium that contained 0.1 mM Mn2q and 50 mM Ca2q at 100
mg Chlrml and placed in a plastic cuvette light-path length, 10
.mm; light-path width, 4 mm . The cuvette was set in a spectro-
 .photometer UV-2200, Shimadzu and the suspension was illumi-
nated from the side of the cuvette with flashing light from a
10-ms xenon flash lamp, which had been passed through a red
 .filter R-62, Toshiba , at 1-s intervals. The photomultiplier was
 .protected from red light with a blue filter 4-96, Corning . The
absorbance of the suspension was recorded at 559 or 570 nm
with the data-sampling interval of 0.1 s and the slit width of 5
 .  .nm. A Illumination with 10 flashes. B Illumination with 40
 .flashes. a and b Absorbance changes at 559 and 570 nm,
respectively. Upward and downward arrows indicate the begin-
ning and the end of illumination with a train of flashes, respec-
tively. The absorbance change at 559 nm of 0.001 corresponds to
0.13 molecule of the reduced Cyt b-559 per 220 Chl molecules.
The averages of five different experiments are presented.
Fig. 4. Dependence on the flash interval of the restoration of the
HP form of Cyt b-559 by photoactivation treatment with 5
flashes. Tris-treated PS II membranes, suspended in the high-salt
medium, were illuminated with 5 flashes at the designated flash
intervals in the presence of 0.1 mM Mn2q and 50 mM Ca2q. The
total amount of Cyt b-559 was 2.1r220 Chl. A broken line
represents the level of the HP form before illumination. Three
different experiments gave a similar dependence with a maxi-
mum restoration at 1-s intervals.
experiment, a fraction of Cyt b-559 which was once
reduced but reoxidized within 1 s could not be de-
tected because of the limitation of time resolution of
the instrument. Provided that only the reduced HP
form was detected in this experiment, it is suggested
that the reduced HP form was first unstable and
susceptible to reoxidation but that it became more
stable toward reoxidation by further illumination.
Fig. 4 shows the dependence on the flash interval
of the restoration of the HP form. The dependence
gave a bell-shaped curve, with the extent of the
restoration was maximum at the interval of 1 s. If
only one photoreaction were sufficient for the restora-
tion, the extent of the restoration should increase with
increasing intervals between flashes and then remain
at a maximum plateau level at longer intervals.
Therefore, it appeared that one photoreaction was
insufficient for the restoration of the HP form. From
this result and the dependence on the flash number in
Fig. 2, it is suggested that two photoreactions are
required for the restoration of the HP form.
The dependence on the flash interval also indicates
that two photoreactions must occur successively for
the restoration of the HP form. Illumination with
flashes at intervals longer than 5 s was totally ineffec-
 .tive in the restoration Fig. 4 . This observation sug-
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Fig. 5. Dependence on the concentration of Mn2q during pho-
toactivation treatment of the restoration of the HP form of Cyt
b-559 and of the reactivation of O evolution. Tris-treated PS II2
membranes, suspended in the high-salt medium, were illuminated
with 30 flashes at intervals of 1 s in the presence of the
designated concentrations of Mn2q and 50 mM Ca2q. The
 .increases in levels of the HP form of Cyt b-559 v and
 .O -evolving activity ^ upon illumination are presented. The2
amount of the HP form and the O -evolving activity before2
 .y1 y1illumination were 0.47r220 Chl and 16 mmolP mg Chl Ph ,
respectively.
gests that the restoration of the HP form proceeds via
an unstable intermediary state which is generated
after the first photoreaction but disappears in dark-
ness within several seconds. The photoactivation of
O evolution yields a similar bell-shaped curve for2
w xthe dependence on the flash interval 31,37 . How-
ever, the dependence of the restoration of the HP
form in Fig. 4 was distinct from that for photoactiva-
tion since photoactivation treatment in this experi-
ment was performed with five flashes, which had
practically no reactivating effect on O evolution see2
.Fig. 2B .
Fig. 5 shows the dependence on Mn2q concentra-
tion of the restoration of the HP form and of the
recovery of O -evolving activity upon the photoacti-2
vation treatment with 30 flashes. The HP form was
effectively restored at Mn2q concentrations below 10
mM, while the recovery of activity required much
higher concentrations of Mn2q. The concentrations
that gave the half-maximal restoration were 5 and 17
mM for the HP form and the O -evolving activity,2
respectively. These differences in the requirement for
Mn2q again suggest that the restoration of the HP
form of Cyt b-559 occurs independently of the recon-
stitution of the Mn cluster.
3.2. Factors in˝ol˝ed in restoration of the HP form of
Cyt b-559
As described above, the LP form of Cyt b-559
could be converted to the HP form by illumination
with two flashes in the presence of Mn2q. Two
different roles for Mn2q in this process can be con-
 . 2qsidered: 1 Mn could be essential, and the process
could involve photooxidation of Mn2q and binding
of the resultant Mn3q to the PS II reaction center
complex, as in the case of the reconstitution of the
w x  . 2qMn cluster 31,37 ; or 2 Mn could merely act as
artificial electron donors and electron-transport reac-
Table 2
Changes in the amount of the HP form of Cyt b-559 upon illumination in the presence of artificial electron donors
X  .  .Electron donor added E mV Cyt b-559 HPr220 Chl molrmolo
Before illu. After illu. D
None 0.58 0.45 y0.13
2q100 mM Mn q1090 0.48 0.62 q0.14
1 mM NH OH – 0.42 0.69 q0.272
1 mM semicarbazide )q430 0.43 0.60 q0.17
100 mM DPC q215–q430 0.42 0.63 q0.21
100 mM benzidine q610 0.42 0.42 0
10 mM NaI q560 0.50 0.27 y0.23
Tris-treated PS II membranes were suspended in the high-salt medium and incubated in darkness for 5 min. The suspension was
supplemented with the indicated artificial electron donor, incubated in darkness for 5 min, and illuminated with continuous light for 10
X w x 2q Xmin. The total amount of Cyt b-559 was 2.0r220 Chl. E represents midpoint potentials taken from Clark 61 . For Mn , the E valueo o
2q 3q w x Xof the Mn rMn couple is presented 62 . For semicarbazide and DPC, the E values were estimated to be higher than q430 mV ando
 X .to be between q215 and q430 mV, respectively, since semicarbazide does not reduce ferricyanide E sq430 mV and DPC reduceso
 X .ferricyanide but not DCPIP E sq215 mV .o
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tions through PS II are responsible for the restoration
of the HP form. We examined whether artificial
electron donors other than Mn2q could replace Mn2q.
As shown in Table 2, three of five artificial donors
tested were effective in restoring the HP form of Cyt
 .b-559 during illumination. NH OH 10–1000 mM ,2
 .  .semicarbazide 0.5–1 mM and DPC 50–100 mM
allowed restoration of the HP form more effectively
2q  .than Mn . Benzidine 10–100 mM was ineffective,
but it prevented any decrease in the level of the HP
form during illumination. Iy did not restore the HP
form but, in fact, tended to enhance the decrease in
the level of the HP form. Identical results were
obtained when Tris-treated PS II membranes which
had been illuminated in the presence of artificial
donors were washed twice with the low-salt medium
to remove artificial donors prior to analysis of Cyt
 .b-559 data not shown .
The electron donors that were effective in the
restoration of the HP form are all efficient electron
w xdonors to PS II 38–40 . Benzidine, which did not
support the restoration, is also an efficient electron
donor comparable to Mn2q since benzidine and Mn2q
q w xreduce Y with similar rate constants 41 . Thus, theZ
rate of electron donation seems not to be correlated
with the effectiveness in the restoration. The mid-
point potentials of the artificial donors were also
 . yuncorrelated Table 2 . I is a poor electron donor.
Illumination in the presence of Iy causes the specific
iodination of Y or the non-specific iodination ofZ
proteins of PS II in samples depleted of the Mn
cluster, with resultant inactivation of electron trans-
w x yport in PS II 42,43 . These deleterious effects of I
might be responsible for the decrease in the level of
the HP form under illumination in the presence of Iy.
From the above observations, it is suggested that
Mn2q is not essential but electron donation by exoge-
nous donors to PS II is responsible for the restoration
of the HP form of Cyt b-559. We next investigated
the events that occur at the acceptor side of PS II
during the course of the restoration of the HP form.
Table 3 shows the effects of DCMU and benzo-
quinone acceptors on the restoration of the HP form
of Cyt b-559 upon illumination in the presence of
Mn2q and Ca2q. DCMU did not at all affect the
restoration. This result suggests that electron transfer
from Q to Q is not required for the restoration. ByA B
contrast, benzoquinone acceptors, namely, DCBQ and
Table 3
Effects of DCMU and artificial electron acceptors on the restora-
tion of the HP form of Cyt b-559 by photoactivation treatment
 .Additives Cyt b-559 HPr220 Chl molrmol
before illu. after illu. D
None 0.47 0.69 q0.22
DCMU 0.50 0.71 q0.21
DCBQ 0.50 0.50 0
DBMIB 0.50 0.50 0
DCMU“DCBQ 0.50 0.66 q0.16
DCMU“DBMIB 0.50 0.74 q0.24
DCBQ“DCMU 0.50 0.50 0
DBMIB“DCMU 0.84 0.79 y0.05
Tris-treated PS II membranes were suspended in the high-salt
medium, supplemented with 0.1 mM Mn2q and 50 mM Ca2q
and incubated in darkness for 5 min. Then the suspension was
 .further supplemented with the indicated additive s , incubated in
darkness for 2 min, and illuminated with five flashes at flash
intervals of 1 s. The final concentration of each additive was 10
mM. When two reagents were added sequentially, the second
reagent was added 1 min after addition of the first one indicated
.by an arrow . The total amount of Cyt b-559 was 2.1r220 Chl.
DBMIB, completely suppressed the restoration. This
result contrasts with the effects of DCPIP which did
 .not suppress the restoration see Table 1 . DCBQ and
DBMIB bind to the Q site and directly oxidize QyB A
w x44,45 , while DCPIP accepts electrons from QB
andror plastoquinone pool. Therefore, it seems likely
that DCBQ and DBMIB had a suppressive effect
when they were bound to the Q site. This possibilityB
is supported by the observations that, when the QB
site was first occupied by DCMU, further addition of
DCBQ or DBMIB did not have a suppressive effect,
while the addition of these compounds in the oppo-
 .site order had a suppressive effect Table 3 . The
most probable action of DCBQ and DBMIB in the
Q site is to oxidize Qy. Therefore, it seems likelyB A
that Qy generated under illumination is necessary forA
the restoration of the HP form. It is also possible that
DCBQ and DBMIB in the Q site affect some otherB
 .redox component s in PS II which is involved in the
restoration of the HP form.
We observed that, when DBMIB and DCMU were
added sequentially, the level of the HP form in-
 .creased even in darkness Table 3 . This restoration
in darkness depended on the conditions of the dark
adaptation of the Tris-treated PS II membranes prior
to the experiment. When the membranes had been
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adapted to darkness for 5 h on ice, the extent of the
restoration in darkness was about 0.3r220 Chl. How-
ever, when the membranes had been dark-adapted at
258C, the extent of the restoration decreased by about
50%. Thus, some redox power that remained in PS II
appeared to be responsible for this restoration in
darkness, via some as yet unexplained mechanism.
We proposed previously that, in Tris-treated th-
ylakoids, the pH gradient across the thylakoid mem-
brane might participate in the restoration of the HP
form of Cyt b-559 upon the photoactivation treat-
ment, since uncouplers, namely, nigericin and grami-
cidin-S at 100 mM, almost completely inhibited the
w xrestoration 23 . The PS II membranes used in the
present study were not closed membrane vesicles but
w xwere membrane fragments 46 and, thus, no pH
gradient could be formed across the membrane. We
reinvestigated the effects of nigericin on the restora-
Fig. 6. Effects of nigericin on restoration of the HP form of Cyt
b-559 by photoactivation treatment. Tris-treated PS II membranes
 .‘ were suspended in the high-salt medium that contained 0.1
mM Mn2q and 50 mM Ca2q. Thylakoids that had been treated
 .with Tris and then with DCPIP v were suspended in a medium
that contained 50 mM Mn2q, 1 mM Ca2q, 20 mM DCPIP and 2
w xmM ascorbate 23 . Then the suspension was supplemented with
designated concentrations of nigericin and 10 mM KCl, incubated
in darkness for 2 min, and illuminated with continuous light. The
duration of illumination was 10 and 20 min for the PS II
membranes and the thylakoids, respectively. The amount of the
HP form of Cyt b-559 in the thylakoids was determined after the
thylakoids had been washed twice with a medium without Mn2q,
Ca2q and DCPIP. 100% corresponds to the amount of the HP
form of Cyt b-559 restored by photoactivation treatment in the
absence of nigericin, namely, 0.22r220 Chl in the PS II mem-
branes and 0.56r400 Chl in the thylakoids. The total amounts of
Cyt b-559 were 2.1r220 Chl and about 2r400 Chl in the PS II
membranes and the thylakoids, respectively.
tion of the HP form in Tris-treated thylakoids and
 .Tris-treated PS II membranes Fig. 6 . At 10 mM,
nigericin inhibited the restoration of the HP form by
about 20% in the thylakoids but no inhibition at all
was noted in the PS II membranes. At concentrations
above 10 mM, nigericin had inhibitory effects in both
cases, though the extent of inhibition in the PS II
membranes was about 50% of that in the thylakoids
at all tested concentrations of nigericin. In general,
nigericin at 10 mM is sufficient to diminish the pH
gradient across the thylakoid membrane. Therefore, it
seems likely that, while the inhibition by nigericin at
10 mM observed in the thylakoids might be ascrib-
able to disruption of the pH gradient, the inhibition at
concentrations above 10 mM results from some addi-
tional effect of nigericin. It appears that a pH gradient
across the membrane is not a prerequisite for the
restoration of the HP form of Cyt b-559, even though
such a gradient acts to enhance the restoration in
thylakoids.
4. Discussion
4.1. Intercon˝ersion of the LP and HP forms of Cyt
b-559
Using isolated thylakoids, we demonstrated previ-
ously that the HP form of Cyt b-559 can be con-
verted to the LP form by treatment with Tris and that
the LP form can be recovered to the HP form by
w xphotoactivation of O evolution 23,30 . The present2
study showed that the same interconversion of the LP
and HP forms can also occur in isolated PS II
membranes. However, the extent of interconversion
was smaller in PS II membranes than in thylakoids.
Under the conditions employed in this study, only
about 30–40% of the HP form in PS II membranes
was converted to the LP form when the Mn cluster
and the three extrinsic proteins had been completely
removed by treatment with Tris. In the case of intact
thylakoids, by contrast, about 80% of the HP form
was readily converted to the LP form upon treatment
w xwith Tris 23 . To lower further the level of the HP
form in the Tris-treated PS II membranes, we incu-
bated the membranes with 1 M NaCl in darkness.
It was reported previously that Ca2q bound to the
donor side of PS II, possibly to the Mn cluster, is
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released under illumination in the presence of con-
centrated NaCl, with resultant conversion of the HP
w xform of Cyt b-559 to the lower-potential forms 25 .
However, it is unlikely that the effects of 1 M NaCl
observed in this study resulted from the release of
Ca2q, since the releasable Ca2q at the donor side
would have already been lost upon removal of the
w xMn cluster by treatment with Tris 47 . We consider
that the effects of concentrated NaCl are ascribable to
the chaotropic effects of Cly. It was proposed previ-
ously that Cyt b-559 exists in the HP form when the
heme is located inside a hydrophobic niche that is
shielded from water molecules by protein segments,
while the HP form is converted to the LP form when
w xthe heme is exposed to the outer aqueous phase 48 .
Since Cly is a chaotropic anion that destroys the
water structure at the surface of proteins and mem-
branes, it is likely that concentrated Cly alters the
environment around the heme to allow water
molecules access to the heme.
The extent of restoration of the HP form by pho-
toactivation was also smaller in PS II membranes
than in thylakoids: 30–50% and 50–80% of the total
LP form were converted to the HP form in the PS II
membranes and in the thylakoids, respectively. If the
interconversion of the HP and LP forms were to
result from changes in the hydrophobicity around the
heme, it seems likely that protein segments that
shield the heme of Cyt b-559 can undergo conforma-
tional change more easily in thylakoids than in PS II
membranes upon treatment with Tris and subsequent
photoactivation.
Under photoactivation conditions, illumination in
the presence of Mn2q was sufficient for the restora-
 .tion of the HP form Table 1 . The extrinsic proteins
and Ca2q were not required for this process. How-
ever, we found that Ca2q was necessary for stabiliza-
tion of the HP form of Cyt b-559 and that this
stabilizing effect was independent of the presence of
 .the Mn cluster Table 1, Fig. 1 . A similar stabilizing
effect of Ca2q on the HP form was also proposed
previously in the case of PS II membranes that
contained the Mn cluster but lacked the extrinsic
w x23-kDa protein 25 .
Intact PS II membranes contain two molecules of
2q w x 2qCa per PS II 49 . One of the two Ca is released
w xfrom PS II upon removal of the Mn cluster 47 and
this Ca2q is considered to interact with the Mn
w x 2qcluster 50 . The other Ca is tightly bound to the
light-harvesting Chl complex and is not releasable
w x51 . In the case of PS II membranes that contain the
Mn cluster, it is possible that Ca2q binds to its
specific binding site close to the Mn cluster and
stabilizes the HP form of Cyt b-559 as proposed
w xpreviously 25 . By contrast, in the case of PS II
membranes depleted of the Mn cluster, it is unclear if
the specific binding site for Ca2q remains intact.
Provided that Ca2q can bind to its specific binding
site both in the presence and in the absence of the Mn
cluster, the effects of bound Ca2q on the HP form
would appear to be conformational since the Ca2q-bi-
nding site is located at the lumenal surface of the PS
II reaction center complex, at a distance from the
heme of Cyt b-559.
4.2. Mechanism of the restoration of the HP form of
Cyt b-559
w xIt was reported previously 52 that the HP form of
Cyt b-559 was restored when isolated thylakoids that
had been extracted with hexane were reconstituted
with b-carotene and plastoquinone molecules. The
restoration of the HP form was also observed when
purified Cyt b-559 was incorporated into liposomes
w xthat consisted of digalactosyldiacylglycerol 53 . The
restoration of the HP form in these cases would be
ascribable to the effects of exogenously added hy-
drophobic molecules which could directly alter the
hydrophobicity around the heme of Cyt b-559. In the
case of the restoration of the HP form upon photoac-
tivation, illumination of PS II in the presence of
Mn2q was sufficient for the restoration.
The results of the present study show clearly that
the restoration of the HP form and the reconstitution
of the Mn cluster are different processes. The restora-
tion of the HP form occurred with high quantum
efficiency and was completed before the Mn cluster
 .was reconstituted Fig. 2B . In addition, the concen-
tration of Mn2q required for the restoration was
much lower than that for the reconstitution of the Mn
 .cluster Fig. 5 . The only similarity between these
two processes is that both require two successive
 . w xphotoreactions in PS II Figs. 2 and 4 31,37 .
Artificial electron donors other than Mn2q also
supported the restoration of the HP form under illu-
 .mination Table 2 . This finding clearly indicates that
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Mn2q is not essential while electron donation from
exogenous donors to PS II is required for the restora-
tion of the HP form.
 .We also found that some redox component s that
interacts with benzoquinone acceptors in the Q siteB
participates in the restoration of the HP form Table
.3 . The most probable candidate for this component
is Qy generated during illumination. According toA
w xJohnson et al. 54 , upon removal of the Mn cluster,
Q is converted from an active form with a lowA
 X .potential E sy80 mV to an inactive form with ao
 X .high potential E sq55 mV , which is unable too
transfer electrons to Q . When Q is in the inactiveB A
form, Qy generated by a photoreaction in PS IIA
decays back to Q as a consequence of a chargeA
recombination reaction with Yq, with a half time ofZ
120 ms, unless Yq is not re-reduced by exogenousZ
w x ydonors 55 . If Q were to participate in the restora-A
tion of the HP form of Cyt b-559, it might be
possible that the role of exogenous electron donors in
the restoration is to stabilize Qy by reducing Yq andA Z
suppressing the charge recombination reactions. In
fact, it has been reported that the presence of exoge-
nous donors extends the lifetime of Qy to more thanA
w xa few seconds 55,56 .
 . yIf some redox component s other than Q couldA
participate in the restoration, the non-heme iron at the
acceptor side of PS II would be a likely candidate. In
 .general, the non-heme iron is in the Fe II state both
in the light and in the dark, but it is oxidized under
illumination in the presence of benzoquinone accep-
tors via the reduction-induced oxidation mechanism
that involves oxidation of Qy by a benzoquinoneA
w xmolecule bound to the Q site 57 . This oxidation ofB
the non-heme iron does not occur when the Q siteB
has been occupied by DCMU prior to addition of
w xbenzoquinone acceptors 57 . This effect of the se-
quential addition of DCMU and benzoquinone accep-
tors on the oxidation of the non-heme iron is quite
similar to that on the restoration of the HP form
 .Table 3 . Since benzoquinone acceptors completely
 .suppressed the restoration Table 3 , it seems likely
 .that the non-heme iron had to stay in the Fe II state
during the course of the restoration of the HP form.
The most probable action of the putative redox
 . ycomponent s , Q andror the non-heme iron, in theA
restoration of the HP form would be to reduce the LP
form of Cyt b-559. It has been demonstrated recently
that, in the case of horse heart Cyt c, the native
protein in the reduced form is more stable toward
unfolding than in the oxidized form, and that the
reduction of the heme shifts the equilibrium from the
denatured and low-potential form toward the native
w xand high-potential form 58 . In the case of Cyt
b-559, it is known that the HP form in the reduced
form is more resistant to treatments which lower the
redox potential of Cyt b-559 than in the oxidized
w xform 25,59 . In addition, it was reported that the LP
form of Cyt b-559 can be reduced by a photoreaction
w xin PS II under some certain conditions 19,60 . There-
fore, it is not unlikely that the LP form of Cyt b-559
is reduced during the course of the restoration of the
HP form. If the LP form were to be reduced for the
restoration, the reduced LP form appeared to be
reoxidized within 1 s since, in the experiments in Fig.
3, significant reduction of Cyt b-559 was not de-
tected after illumination with three flashes with which
the restoration of the HP form was completed.
We observed that the HP form of Cyt b-559
restored by illumination with a few flashes remained
in the oxidized form after illumination, but that the
level of its reduced form increased by further illumi-
 .nation with flashes Fig. 2B . We also found that the
reduced HP form was first susceptible to reoxidation
but became more stable toward reoxidation by further
 .illumination Fig. 3 . Under the conditions in this
 Xstudy, not only the HP form of Cyt b-559 E so
.  .q370 mV but also the intermediate-potential form s
of the EX value higher than q200 mV could beo
detected as the HP form that was reducible with 2
 .mM hydroquinone see Section 2 . Therefore, it might
be possible that the redox potential of the hydro-
quinone-reducible HP form restored with a few flashes
was lower than that of the real HP form but increased
gradually during further illumination so that the re-
duced form became stabilized. In fact, our prelimi-
nary experiments have shown that the hydroquinone-
reducible HP form restored by illumination with two
flashes was not reduced by 2 mM potassium ferro-
cyanide, while about 50% of the restored HP form
was reduced by ferrocyanide after illumination with
 .40 flashes data not shown . Thus, it is likely that the
conversion of the LP form of Cyt b-559 to the real
HP form proceeds via the intermediate-potential
 .  .form s , the reduced form s of which is unstable and
gradually reoxidized by ambient oxygen molecules.
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We presume that the LP form could be first con-
verted to such an intermediate-potential form by two
photoreactions in PS II, and the further conversion to
the real HP form would require additional photoreac-
tions in PS II. These photoreactions might lead to
reduction of Cyt b-559 and shift the equilibrium
toward higher-potential forms.
The dependence on the flash interval of the
restoration of the hydroquinone-reducible HP form
 .Fig. 4 suggests that an unstable intermediary state
would be formed between two photoreactions. The
origin of this intermediary state is obscure. It also
remains to be solved if the LP form had to be
reduced twice for the conversion to the putative
intermediate-potential form. Further studies are re-
quired to clarify the precise mechanism of the
restoration of the HP form of Cyt b-559.
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